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The observed spectrum of ultrahigh energy neutrinos at IceCube might be indicative of absorption
of such neutrinos in ultralight dark matter halos. We point out that various features of this spectrum
can be explained by such absorptions. For a light Z′-mediated t-channel interaction between dark
matter and neutrinos, we propose a novel mechanism of absorption of these neutrinos at particular
energies. This can save the models of AGN predicting large neutrino flux at energies more than a
PeV.
PACS numbers: 13.15.+g, 95.35.+d
Recently, IceCube collaboration succeeded [1] in point-
ing back to a specific blazar TXS 0506+056 as the source
of one ultrahigh energy (UHE) neutrino event observed
at IceCube, located at the South Pole. With this begins a
new chapter of multi-messenger astronomy. But many of
the models, proposed to describe the dynamics of blazars,
predict large neutrino flux after a PeV [2] which is dis-
favored by the observed spectrum at IceCube: Very few
events have been observed above a PeV with no event
that could correspond to the Glashow resonance. This
is suggestive of a sharp cut-off in the spectrum around a
PeV. Between 400 TeV to 1 PeV, very few events have
been observed, implying an apparent depletion in the
spectrum. The puzzle is further accentuated by an excess
of events at energies between 60−160 TeV.
Various astrophysical objects are expected to be the
source of such neutrinos, and for each one of these cat-
egories different dynamics might be in action, yielding
different spectra. We propose that various features of
the observed spectrum can be the outcome of absorption
of these spectra in ultralight dark matter (DM) halo per-
vading the cosmos. This kind of sub-eV DM can exist
in the form of a non-thermal Bose-Einstein condensate
(BEC) [3] and is thus a cold DM candidate that can
saturate the total relic density of DM. Such ultralight
DM can help address issues pertaining to the structure
formation in the early Universe, namely the cusp-core
problem and the missing satellite problem, that predicts
many satellite galaxies which contradicts with the obser-
vations. Fermionic ultralight DM are considered to be
hot and hence cannot account for more than one percent
of the observed relic density. Here we restrict ourselves
to the scalar BEC DM of mass below an eV, as it ensures
that the critical temperature of the condensate is greater
than the temperature of the Universe at any epoch [4].
The UHE neutrinos can interact with the DM φ via
the exchange of a Z ′ vector boson which can be as light
as 10 MeV:
L ⊃ ig(φ∗∂µφ− φ∂µφ∗)Z ′µ + if ν¯τγµντZ ′µ . (1)
Here only the third generation leptons interact with the
Z ′. Although only the ντ s get depleted by such ν–DM
interactions, as the neutrino oscillates to a different flavor
more promptly than it can interact with a DM particle,
the reduction of the number of neutrinos of a particu-
lar energy occurs uniformly for all flavor of neutrinos.
The same happens for anti-neutrinos as well. A detailed
model building endeavor, justifying the choice of param-
eters and computation of cross-section, will be reported
elsewhere [5].
The elastic scattering νφ → νφ degrades the energy
of the neutrinos, leading to regeneration of neutrinos
at lower energy bins. Such a regeneration is quanti-
fied by the Z-factor that alters [6] the interaction length
λ = 1/(nσ) to Λ(E,X) = λ(E)/(1 − Z(E,X)). Here
n and σ stand for the number density of the DM and
ν–DM cross-section respectively. The expression for
Z(E,X) can be located in Ref. [7] where E stands for
the neutrino energy and X is related to the traversed
path-length. As a result, as neutrinos whizz through
the DM cloud, the flux suffers an exponential depletion
F [E,X] = F [E, 0] exp[−X/Λ(E,X)].
If some of these neutrinos are generated at a very early
epoch of the Universe, then depending on the redshift,
the aforementioned degradation of neutrino energy may
get further enhanced as around that era the number den-
sity of DM would have been higher. This leads to shorter
interaction lengths of neutrinos travelling through the
DM soup [8], leading to frequent interactions that re-
peatedly degrade the energy of the neutrinos. We do
not need to go into such complications to illustrate the
ideas floated in this letter. We work with UHE neutrino
sources located within 200 Mpc from the Earth to get a
conservative estimate of this degradation and take the
density of the dark matter as 1.2×10−6 GeV/cc uniform
across the Universe.
We illustrate our proposed mechanism behind neutrino
absorption in Fig. 1 with an E−2 neutrino flux. For
the chosen benchmark parameters, the t-channel ν–DM
cross-section σ rises sharply around a PeV and flattens
after that. At lower energies, when σ is not appreciable,
both attenuation and regeneration are negligible, leading
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FIG. 1. The solid and dashed black lines represent the
final and the original flux, multiplied by E2, in units of
GeV cm−2 s−1 str−1 and are scaled by a factor 3× 109. The
same is true for dashed red line that denotes the effect of
attenuation alone. The blue-dashed line is the Z-factor re-
sponsible for regeneration. The brown-dashed line refers to
the neutrino-DM scattering cross-section in units of eV−2 and
is scaled by 3×1021. Here mDM = 0.3 eV and gf = 7×10−3.
For all plots mZ′ = 10 MeV and mν = 0.1 eV.
to Z ∼ 1. At very high energies, when σ flattens, the
neutrinos lost due to attenuation get regenerated from
the higher energy bins, leading again to Z ∼ 1. In be-
tween these two extremes, Z deviates from unity. As a
result, after taking regeneration into account, the net at-
tenuated flux shows a typical absorption spectrum, with
a dip at intermediate energies. One may note that the
effect of regeneration is quite pronounced at higher en-
ergies where the cross-section is sizeable. In all plots we
have computed Z up to the third order while ensuring
its convergence. Consequently, the neutrino flux conser-
vation is also guaranteed.
The above mechanism helps explain the shortfall of
events above 400 TeV as shown in Fig. 2 using an E−2.3
flux with a normalisation of 8× 10−8 at 100 TeV [2] and
an exponential cut-off at Eν = 100 PeV. Note that we use
a fixed flux only for the purpose of illustration. We do
not intend to fit the data with our proposed method. Al-
though the shortfall of events for neutrino energies higher
than 400 TeV with only a few events around a PeV still
persists, due to the limited statistics, it is still premature
to comment on the shape of the dip.
The novelty of our mechanism lies in the generation
of an absorption dip via neutrino regeneration through
a t-channel ν–DM interaction. The shape of the dip re-
sults from an interplay of the energy dependences of the
original neutrino flux and the cross-section. A sharper
dip can be obtained with a steeper rise of cross-section
with energy. Although we have used a Z ′ mediated inter-
action to illustrate this idea of neutrino absorption, it is
possible to construct other models that can also give rise
to appreciable ν–DM interactions. The resulting energy
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FIG. 2. Absorption dip due to ν–DM interaction for a diffuse
neutrino flux which follows the E−2.3 power law. The solid
and dashed black lines represent the attenuated flux and the
original flux, both multiplied by E2. In the plots the blue
points represent the fitted diffuse astrophysical flux to the
7-year IceCube data [9].
dependence of the cross-section will be different leading
to absorption dips of different shapes. In this Z ′ medi-
ated model, the onset of the flattened part in the cross-
section shifts to higher energies for lower masses of the
DM. As the mass of the ultralight BEC DM cannot ex-
ceed ∼ 1 eV, this onset cannot happen before 800 TeV
or so, for mass of the mediator mZ′ = 10 MeV. As be-
low this energy the cross-section falls very fast, all the
low energy phenomenology with neutrinos remain unaf-
fected, including neutrino cosmology.
With a suitable choice of model parameters the dip
can be wider. This can be the origin for a sharp cut-off
after a PeV as shown in Fig. 3 starting with a flux F =
3.5×10−8 E−2 exp[−E/(1.2×107 GeV)] GeV−1 cm−2 s−1
str−1. We note that for the chosen model parameters, the
cut-off recedes by almost two orders of magnitude, which
is the outcome of repeated interactions of the neutrinos
with DM, on its way to the Earth.
So far to demonstrate the potential of the mechanism
to explain various features of the observed spectra, we
have used fixed power fluxes. We now turn our attention
to flux expected in Nature from specific sources, such as
AGNs. Many of the AGN core and jet models predict
an unacceptably large flux at energies more than a PeV,
which may be reconciled in the scenario proposed here
as the ν–DM cross-section is significant around a PeV
or so depending on the parameter space. Neutrinos of
energies more than a PeV gets absorbed leaving a low
energy excess. In Fig. 4 we illustrate this with a radio-
quiet AGN core model (S05) by Stecker [10]. The result-
ing flux peaks at much lower energies, around 100 TeV,
and is consistent with observations. Considering AGNs
which are farther away, as pointed out earlier, the neutri-
nos may experience further degradation in energy, which
might account for the low energy excess of neutrinos even
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FIG. 3. An early cut-off in a diffuse neutrino flux due to ν-
DM interactions. The dashed line represents an E−2 original
flux with a cut-off at 12 PeV. The solid line results from atten-
uation and regeneration of neutrinos due to such interactions.
Both fluxes are multiplied by E2 in the plot.
less than 60 TeV. Although we have illustrated this with
a specific AGN source, the low energy excess might re-
sult from regeneration of neutrinos emanating from other
sources as well.
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FIG. 4. Attenuation of the diffuse neutrino flux for the AGN
core model S05. The dashed and solid black lines represent
the original flux and the flux degraded by ν–DM interactions.
Both are multiplied by E2 while plotting.
The UHE neutrinos can interact with the relic neutri-
nos on their way to the Earth mediated by the same Z ′.
The number density of the relic neutrinos is much less
in comparison to the ultralight DM considered above.
Hence, the effect of such interactions are negligible away
from the s-channel resonance. Around the resonance
the enhanced cross-section can compensate for the small
number density of relic neutrinos. But the width of this
resonance, translated into the energy of the incoming
neutrino, is around O(100) MeV, implying that the res-
onance is too sharp to lead to any appreciable neutrino
absorption owing to the paucity of UHE neutrinos.
As shown in this letter, the proposed mechanism can
account for an early cut-off immediately after a PeV, ex-
plain a dip above 400 TeV and can even generate a low
energy excess. For all these different fluxes at different
energies are required. This is likely as different dynamics
at various sources produce spectra with different power-
law behavior with the energy of the neutrino. A simul-
taneous explanation of various features using the same
mechanism may require a multitude of ultralight BEC
DM candidates which may easily be envisaged in a mul-
tipartite DM model with an elaborate dark sector. It
is also quite possible that these DM candidates inter-
act with UHE neutrinos differently, governed by a richer
mode of interactions, but following the basic mechanism
outlined in this letter. As demonstrated in Fig. 4, ν–DM
interactions can be responsible in suppressing neutrino
flux more than a PeV. This helps in reconciling astro-
nomical objects like AGNs as a plausible source of cos-
mic neutrinos, in particular those models of AGNs which
predict large neutrino flux at very high energies.
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